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I.  INTRODUCTION 


Developments  of  new  shaped  charge  (HEAT)  and  kinetic  energy  (KB) 
projectilea  and  advanced  propelling  chargaa  for  tank  cannon  ammunition  have 
created  a  need  for  detailed  diagnostics  of  the  proceaaea  occurring  during  the 
early  phase  of  the  interior  ballistic  cycle.  These  processes  include 
ignition,  flameapreading,  formation  of  pressure  waves,  and  propellant  bed 
motion  and  compaction.  The  introduction  of  KB  or  -BRAT  projectilea  which  have 
a  complex  rear  section  extending  into  the  gun  chamber  has  limited  the  length 
of  the  ignition  system  while  concurrently  impeding  the  flame  spreading 
process.  When  this  is  coupled  with  the  difficult  to  ignite  low  vulnerability 
(LOVA)  propellants,  the  igniter-propellant  bed-projectile  interface  system 
becomes  critical  to  the  optimum  performance  of  the  cartridge,  tb  provide  an 
adequate  understanding  of  these  processes,  experimental  studies  have  become 
necessary. 

The  present  study  was  conducted  in  support  of  the  development  of  the 
ignition  system  and  propelling  charges  for  the  M456A2  HEAT  cartridge. 
Although  nitramine  composite  propellants  (CAB/NC/RM)  had  been  designated  for 
the  cartridge,  there  were  a  variety  of  parameters  directly  affecting  the 
ballistic  performance  which  remained  to  be  characterised.  These  parameters 
included  the  grain  design,  RDX  particle  sise,  primer  body  configuration,  and 
igniter  material.  Gun  firing  testa  would  provide  data  to  show  the  ballistic 
performance  of  candidate  primers  or  charge  designs,  but  not  the  detailed 
understanding  of  the  phenomena  occurring  in  the  early  phase  of  the  interior 
ballistic  cycle.  In  fact,  this  detailed  information  is  the  key  basis  on  which 
advances  in  the  right  direction  can  be  made  to  improve  the  ballistic 
performance.  To  fulfill  such  a  need,  the  present  work  was  conducted  with 
emphasis  on  the  functioning  of  the  igniter,  pressure  wave  formation,  flame- 
spieading,  and  propellant  bed  motion. 

y  ..  v  *  •  .  '  • 

The  major  cppatatue  for  the  experimental  study  was  a  ldb-mm  tank  gun 
simulator,  Sigh-speed  cameras.  X-ray  head,  and  pressure  gages  were  the 
instruseutation  used  in  Uie  firing  program  for  recording -data. 

IT.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

Figure  1  presents  a  crcss-secclonal  view  Of  the  major  components  of  the 
gun  simulator.  The  chamber  of  che  simulator,  which  closely  reqembles  the 
geometry  and ’dimensions  of  the  gun  chamber,  was  made  of  a  transparent  cast 
acrylic  tube  with  inside  and  outside  diameters  of  127  mm  and  152  mm, 
respectively.  It  offers  excellent  transparency  for  the  recording  of  the 
events  occurring . inside,  see  Figure  2.  The  chamber  can  withstand  dynamic 
pressures  in  excess  of  21  MPa  (3000  psi)  before  rupture.  Three  quartz 
pressure  gages  (PCB  Model  113A23)  were  installed,  two  (Pj  and  P2)  at  the 
breech  and  one  (P3)  in  the  projectile  tail,  as  indicated  in  the  figure,  for 
monitoring  the  chamber  pressure.  The  forward  end  of  the  simulator,  in  which 
an  M489  projectile  (an  inert  training  round  vhich  has  the  same  rear 
configuration  as  the  M456A2  HEAT  round)  was  loaded,  was  cut  from  an  actual  gun 
tube.  The  unit  was  mounted  on  the  existing  fixture  originally  designed  for 
the  155-mm  gun  simulator. 

Figure  3  illustrates  the  experimental  arrangement  for  the  present  study. 
In  addition  to  the  three  pressure  gages,  the  recording  system  includes  two 
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Figure  2.  Propellant  Packed  Simulator  Chamber 
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F  ,  p_.P_:  PRESSURE  GAGES 
1 T  2  3 

F:  FIRING  LINE 

CAMERAS:  HYCAM  40,  16  mm 


Figure  3.  Experimental  Arrangement 
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By  can  40  16-rnm,  high-speed  cameras,  one  X-ray  heed,  end  one  linear  position 
gage.  Centra  A  and  Canera  B,  located  90°  apart,  allow  simultaneous  recording 
of  the  flamespreading  along  the  chanber  length  from  two  different  angle*-.  The 
camera  apeed  was  aet  at  a  freeing  rate  of  3000  picture*  per  aecond.  Vke  flaah 
X-ray  technique  haa  been  found  useful  for  aeaauring  the  aoveaent  of  the  aolid 
phaae  during  gun  ainulator  firing*.1  The  X-ray  head  vat  poeitioned  on  one 
aide  of  the  chamber  and  a  caaaette  containing  a  Kodak  Xk-5  film  on  the 
oppoait*  aide  to  record  the  propellant  bed  notion  and  compaction.  The  linear 
poaition  gage  vaa  firmly  attached  to  the  projectile  none  for  recording  the 
projectile  aotion  aa  a  function  of  time.  The  entire  fxre  control,  data 
acquiaition,  and  data  reduction  were  performed  by  uaing  the  Balliatic  Data 
Acquiaition  Syatea  (BALMS)  at  the  BBL. 

The  experimental  study  vaa  conducted  in  the  following  sequence: 

(1)  Frirner  ignition  in  the  open  air  -  to  obaerve  the  unperturbed  functioning 
of  the  H83  atandard  primer. 

(2)  Primer  ignition  in  an  empty  chamber  (i.e.,  no  propellant  packed  in  the 
chamber)  loaded  with  whe  M489  projectile  -  to  inveatigate  the  venting  of 
ignition  gaaea  from  the  primer  and  the  aubaequent  flaaeapreading  inaide  the 
chamber. 

(3)  Primer  ignition  in  chaabers  packed  with  inert  propellant  graina  -  to 
obaerve  the  early  development  of  flaaeapreading  in  the  packed  bed,  propellent 
bed  motion  and  compaction,  and  preaaure  gradient  along  the  chamber  length.  In 
other  word*,  the  teat*  were  to  examine  the  functioning  of  the  primer  in  the 
packed  bed  aa  veil  a*  the  permeability  of  the  propellant  bed  to  igniter  gaaea. 

(4)  Teat*  with  live  propelling  charges  -  to  provide  insights  into  the  early 
phaae  ignition  phenomena  in  the  interior  ballistic  cycle,  especially  the 
formation  of  pressure  waves  and  flameapreading. 

In  the  rounds  vith  inert  and  live  propellants  the  chambers  were  fully 
packed  to  ainr.mise  the  presence  of  ullage  in  the  chamber.  The  packing 
procedure  consisted  of  allowing  the  propellant  grains  to  freely  fall  into  the 
chamber  which  was  standing  vertically. 


III.  RESULTS  AND  DISCUSSION 

Prior  to  firing  live  charges,  we  conducted  a  series  of  experiments, 
including  the  ignition  of  a  primer  in  the  open  air  and  in  the  chamber  of  the 
gun  simulator  packed  with  and  without  inert  propellants.  In  the  rounds  of 
live  charges,  a  variety  of  granular  propellants,  primer  body  configurations, 
and  igniter  materials  were  tested. 


1  Thomas  C.  Minor,  "Characterisation  of  Ignition  Systems  for  Bagged  Artillery 
Charges,"  ARBRL-TR-02377 ,  USA  ARRADCOM,  Ballistic  Research  Laboratory, 
Aberdeen  Proving  Ground,  MD,  Oct  1981. 


A.  Priaer._Igpjti<?P-iP.  tht-.QpftyL.Air 

In  this  test  series,  three  M83  standard  primers  (Lot  LS2UU-70)  which 
contained  benite  strands,  vi'hout  a  vented  tip,  vere  ignited.  As  shown  in 
Figure  4,  the  primer  has  24  vent  holes  in  the  body.  Two  pressure  gages  were 
installed  to  monitor  the  pressure  rise  inside  the  primer  tube,  one  near  the 
booster  end  and  the  other  near  the  forward  end.  For  the  recording  of  the 
event  two  16**mm  high-speed  cameras  were  used,  one  for  the  side  view  and  the 
other  for  the  end  view  of  the  primer. 
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Figure  4.  Primer  Body  Configurations 
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1.  Pressure 


Figure  5  presents  a  set  of  typical  pressure-time  data  recorded.  The 
pressure  rise  near  the  forward  end  lagged  0.606  ms.  Using  this  time  interval, 
the  average  speed  of  the  first  pressure  wave  traveling  to  the  forward  end  was 
calculated  to  be  approximately  314  m/s  which  is  close  to  the  sound  speed  at 
one  atmosphere.  The  two  pressure  curves  crossed  over  each  other  for  several 
times  as  the  ignition  process  proceeded.  This  is  believed  to  be  due  to  the 
wave  reflections  at  the  two  ends  of  the  primer  tube. 


Figure  5.  Pressure  Recorded  in  an  M83/Standard/Benite 
Primer  Ignited  in  the  Open  Air 


2.  Flame  Development 


From  the  photographic  data,  the  first  venting  of  igniter  gases  observed 
located  differently  from  one  primer  to  another,  in  the  range  from  one  quarter 
to  three  quarters  the  primer  tube  length  from  the  base.  It  is  possible  that 
the  non-uniform  lacquer  coating  in  the  individual  vent  holes  was  responsible 
for  the  variation.  The  time  that  the  first  venting  appeared  sIbo  varied,  from 
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2.4  me  to  10  ms,  or  even  longer,  after  application  of  the  firing  voltage.  The 
venting  then  quickly  spread  over  the  entire  length  of  the  tube  and  a  luminous 
flame  was  subsequently  developed.  The  gases  first  vented  were  likely  the  hot 
gases  produced  by  the  black  powder  from  the  booster  pellet  rather  than  by  the 
ignition  of  the  benite  strands  contained  in  the  tube. 

Figure  6,  printed  from  the  high-speed  film,  shows  an  end  view  of  the 
flame  development  around  the  primer.  As  seen  in  the  figure,  during  the  early 
development  the  venting  was  not  symmetrical  around  the  circumference  of  the 
primer  tube  in  most  of  the  tests.  This  was  probably  caused  by  a  non-uniform 
lacquer  coating  and  an  uneven  blockage  of  the  vent  holes  by  the  benite  strands 
inside  the  primer  tube.  Pulses  of  intense  flame  traveling  away  the  vent  holes 
were  often  seen.  This  may  have  been  a  result  of  the  highly  transient  flow 
phenomenon  of  the  venting,  the  non-uniformity  of  fuel  content  in  the  gas 
stream,  or  a  sudden  massive  breakup  of  benite  particles  in  the  gas  stream. 
The  highest  .flame  intensity  was  observed  normally  between  1  and  2  ms  after  the 
first  appearance  oil  the  vented  gases.  The  venting  waB  sustained  for  more  than 
70  ms. 

B.  Primer  Ignition  in  an  Bmntv  Chamber 

The  experiments  with  empty  chambers  were  designed  to  examine  tbe 
functioning  of  the  primer,  namely  the  flamespreading,  in  a  confined  space  and 
to  determine  the  pressure  rise  in  the  chamber.  These  data  would  be  used  as  a 
baseline  for  comparisons  with  the  data  obtained  subsequently  from  rounds 
packed  with  inert  and  live  propellants.  Three  test  firings  were  conducted 
using  the  M83  standard  primer  without  a  vented  tip.  Data  recorded  include 
pressures  at  the  breech  and  at  the  projectile  near  the  obturator  as  well  as 
the  flamespreading.  The  results  obtained  from  these  rounds  were  fairly 
reproducible. 

»• 

1.  Pressure 

Figure  7  presents  the  pressures  recorded  at  the  breech  and  at  the 
projectile;  as  indicated  in  Figure  1.  The  times  in  the  figure  are  the  times 
after  the  firing  voltage  was  applied  to  the  primer.  The  pressure  started  to 
rise  at  4  ms  and  reached  its  maximum  value,  2.6  MPa,  at  approximately  50  ms. 
There  was  an  oscillation  in  a  fairly  regular  pattern  along  each  of  the  three 
curves  from  the  beginning  of  the  pressure  rise.  The  time  period  between  two 
adjacent  spikes  in  the  early  segment  of  the  curves  is  measured  to  be 
approximately  1.46  mS,  which  is  close  to  the  time  (estimated  to  be  1.51  ms) 
for  a  sound  wave  to  travel  from  one  end  of  the  chamber  to  the  other  at  room 
temperature.  The  oscillation,  thus,  was  caused  by  the  wave  reflection  between 
the  two  ends  of  the  chamber.  Since  the  gas  temperature  in  the  chamber 
continued  to  rise  and  the  sound  speed  increases  with  the  temperature,  the 
frequency  of  the  oscillations  along  the  curves  thus  increased  as  time 
advanced. 

He  note  that  there  is  a  transition  in  the  pressure  curves  at  approximate¬ 
ly  0.8  MPa  at  which  the  rate  of  the  pressure  rise  changed  considerably.  Such 
a  transition  is  very  obvious  in  the  case  in  which  the  chamber  was  packed  with 
an  inert  propellant.  This  phenomenon  will  be  discussed  in  detail  in  the 
following  section  (Section  C). 
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Figure  6.  End  View  of  the  Flams  Development  Around  an  M83/ 
Standard/ Beni te  Primer  Ignited  in  the  Open  Air 
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Figure  6 


End  View  of  the  Flame  Development  Around  an  M83/ 
Standard/Sonite  Primer  Ignited  in  the  Open  Air 


Figure  6.  End  View  of  the  Flame  Development  Around  an  M83/ 
Standard/Benite  Primer  Ignited  in  the  Open  Air 
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Figure  7 .  Pressures  in  an  Empty  Chamber 


2 .  Flamespreading 

The  upper  part  of  Figure  8  presents  four  frames  printed  from  the  high¬ 
speed  film,  showing  the  flame  development  at  four  given  times  after 
application  of  the  firing  voltage.  The  lower  part  of  the  figure  is  a 
schematic  showing  the  sequence  of  flamespreading  observed  in  the  high-speed 
films.  The  first  sign  of  gas  Vented  frona  the  primer  was  seen  between  the 
midpoint  and  the  forward  end  of  the  primer  tube  at  3.5  ms.  The  flame  then 
spread  quickly  along  the  tube.  Jet  streams  developed  and  impinged  on  the 
chamber  wall.  The  flame  intensity  reached  its  maximum  at  4.6  ms  and  after 
that  the  flame  started  to  break  up  into  two  parts,  one  in  the  breech  end  and 
the  other  in  the  projectile  end.  Apparently,  by  that  time  the  fuel  (benite) 
stream  from  the  primer  started  fading.  The  jet  streams  carried  a  great  amount 
of  benite  particles  to  the  end  zones  of  the  chamber.  As  a  result,  the  burning 
there  was  sustained  much  longer  than  the  rest  of  the  chamber.  There  is  other 
evidence  that  the  jet  streams  were  carrying  benite  particles  as  we  found  that 
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Figure  8.  Flamespreading  in  an  Empty  Chamber 
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the  chamber  veil  eurface  on  vhich  the  jets  directly  impinged  vere  very  rough 
after  firing.  In  a  partially  filled  gun  chamber ,  the  igniter  material 
particles  transported  by  the  gas  stream  may  quickly  reach  far  regions  via 
ullage  above  the  propellant  bad.  The  resulting  flamespreading  then  should  be 
different  from  the  case  in  which  the  chamber  hae  no  ullage.  The  impacts  of 
the  presence  of  ullage  and  its  configuration  in  the  chamber  on  the  ignition 
process  of  propellant  have  been  extensively  discussed  in  several  report s. 


The  purpose  of  these  tests  was  to  characterise  the  propellant  bed  and  to 
determine  the  functioning  of  the  primer.  Specifically,  ve  examined  the 
permeability  of  the  propellant  bed  to  the  flow  of  igniter  gases,  the  early 
motion  of  propellant  grains,  and  the  interaction  between  the  propellant  bed 
and  the  projectile. 

In  the  present  study  two  sises  of  cylindrical  grains  of  inert  propellant 
vere  tested,  12.7  mm  x  28.6  mm  (diameter  by  length)  and  5.56  mm  x  6.55  mm. 
The  large  difference  in  grain  sises  was  chosen  to  provide  a  better  indication 
of  the  grain  sise  effect  on  bed  permeability  to  igniter  gases.  Both 
propellants  had  seven  perforations  in  each  grain,  but  vere  made  of  different 
rigid  plastics.  The  small  grains  were  coated  with  graphite  and  thus  their 
surfaces  vere  more  smooth.  The  primers  used  for  the  tests  vere  also  the  M83 
standard  configuration  loaded  with  benite. 


1.  Pressure 

Figures  9  and  10  depict  the  pressures  recorded  in  the  chamber  packed  with 
the  large  grains  and  the  small  grains,  respectively.  The  maximum  breech 
pressures  in  both  cases  were  on  the  order  of  1.4  MPa  which  arrived  40  ms  after 
application  of  the  firing  voltage.  The  breech  pressures  became  level  for  a 
while  after  they  had  reached  0.8  MPa.  Apparently,  a  transition  occurred 
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Figure  9.  Pressures  in  an  Inert  Propellant 
Packed  Chamber  (Large  Grains) 


TIME  (ms) 


Figure  10.  Pressures  in  an  Inert  Propellant 
Packed  Chamber  (Small  Grains) 
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there  as  observed  in  the  ampty  chenber  mentioned  in  the  previous  section.  The 
'on  er  transition  period  appearing  in  the  inert  propellant  packed  chambers  may 
i  c  attributed  to  the  effect  of  the  heat  transfer  from  the  hot  igniter  gases  to 
the  inert  propellant  grains* 

This  transition  is  believed  to  have  been  associated  with  the  flow  change 
through  the  vent  holea  of  the  primer  from  choked  to  unchoked.  From  gee 
dynamics  theory,  when  the  pressure  difference  across  the  vent  holes  increases 
to  a  certain  value,  the  gas  speed  through  the  holes  reaches  the  limit  of  sound 
speed.  After  that,  though  the  pressure  difference  may  continuously  increase, 
the  gas  speed  stays  at  that  limit.  This  phenomenon  is  called  choking.  The 
flov  will  return  to  an  unchoked  condition  when  the  pressure  difference  becomes 
small  enough.  In  the  present  case,  the  chamber  pressure,  denoted  by  Pc, 
initially  equals  atmospheric  pressure.  Assuming  that  the  ratio  oi  specific 
heats  of  the  vented  gases  is  k  ■  1.2,  then  the  ratio  of  Pe  to  the  pressure 
inside  the  primer  tube,  denoted  by  PQ,  can  be  calculated  from  the  following 
equation 


«  [1  +  M2(k-l)/2]~k^k“l) 

*0 


Substituting  the  Hach  number  M  ■  1  into  the  equation,  the  value  of  PQ  at  which 
choking  occurs  is  0.078  MPa  (11.34  psig).  Measurements  of  the  pressure  inside 
the  M83  standard  primer  ignited  in  the  open  air,  as  the  one  depicted  in  Figure 
5,  show  that  the  pressure  PQ  can  immediately  exceed  0.078  MPa  and  reach  its 
peak  value  (typically,  40  MPa)  within  1.5  to  3  ms  after  ignition.  Thus 
choking  occurs  almoat  immediately  following  the  start  of  the  ignition  of  the 
material  inside  the  primer.  Along  the  pressure  curve  in  Figure  9,  the  choked 
flew  started  very  early  and  returned  to  an  unchoked  flow  after  the  transition. 
Eventually,  the  flow  speed  through  the  vent  holes  gradually  decreased  to  aero 
a6  the  pressures  inside  and  outside  the  primer  tube  approached  each  other. 

The  hole  diameter  is  a  key  parameter  governing  the  duration  of  the  choked 
flov  and  accordingly  should  have  a  potential  role  in  affecting  the  early 
ignition  of  propellant.  A  reduction  in  the  hole  diameter  will  prolong  the 
choked  flov  period  during  which  igniter  gases  vent  at  the  highest  rate; 
provided  the  type  of  charge,  charge  weight,  and  charge  geometry  in  the  primer 
remain  the  same.  Figure  11  presents  a  typical  result  of  breech  pressure 
recorded  in  a  gun  firing  test,  shoving  that  the  breech  pressure  rose  from  0  to 
2  MPa  within  1.5  ms.  The  propellant  should  have  been  ignited  at  2  MPa  since 
this  pressure  far  exceeded  the  pressure  level  1.4  MPa,  shown  in  Figures  9  and 
10,  that  ignition  of  a  primer  in  inert  propellant  packed  chambers  was  able  to 
attain.  A  comparison  of  these  two  figures  with  Figure  11  reveals  that  the 
ignition  of  live  propellant  started  around  or  shortly  after  the  transition. 
Therefore,  a  longer  choked  flow  period  will  achieve  more  effective  ignition  of 
live  propellant.  However,  there  is  a  limit  in  the  reduction  of  hole  diameter 
without  suffering  too  great  a  reduction  in  gas  mass  flow  rate  to  the 
propellant  bed. 

We  also  see  that  the  pressure  rise  at  the  projectile  afterbody  lagged  and 
was  lower  than  the  breech  pressure,  shoving  the  influence  of  the  flov 
resistance  through  the  propellant  bed.  Direct  comparisons  between  the  breech 
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Figure  11.  Typical  Breech  Pressure  Recorded  in  a  Gun  Firing  Test 


pressures  and  between  the  projectile  pressures  for  the  above  three  chamber 
conditions  are  given  in  Figures  12  and  13,  respectively.  It  is  interesting  to 
note  that  the  pressure  is  higher  in  the  empty  chamber,  rather  than  in  the 
inert  propellant  packed  chamber  which  has  a  smaller  gas  volume.  This  can  be 
reasoned  as  a  result  of  the  heat  transfer  from  the  hot  igniter  gases  to  the 
grains.  A  quick  estimate  for  the  heat  loss  to  the  inert  grains  can  be  made  as 
follows. 

We  assume  that  the  volume  occupied  by  the  igniter  gases  is  a  thermal 
equilibrium  system  and  the  walls  along  the  boundary  of  the  system  are 
adiabatic.  We  further  assume  that  the  following  equation  of  state  applies. 

pV  -  CWBT  (1) 

where  p  ■  pressure  W  ■  weight  of  gases 

V  "  volume  t  ■  gas  constant 

C  “  compressibility  factor  T  ■  temperature 


Ubing  Equation  (1),  «i  can  writ* 


V,  B  w. 

Pi*i  ci«iTi 


(2) 


for  tha  systems  of  tha  empty  chamber  and  tha  system  of  tha  inart  propellant 
packad  chamber.  Tha  aubacripta  a  and  i  rafar  to  tba  aapty  cbaabar  and  tba 
inert  propellant  packad  cbaabar,  respectively.  Measuring  froa  Figure  12,  pd  - 
2.63  MPa  and  p*  *  1*35  MPa  after  stabilisation  of  tba  aystaas,  i.a.  st  SO  sa. 
Then  pe  *  1.948  p^.  Tba  gaa  volume  of  tba  aapty  cbaabar  loaded  with  an  M489 
projectile  ia  Vt  ■  0.006145  a3  (375  in3).  Assuming  that  tba  porosity  of  tba 
inert  propellant  bad  ia  0.4,  than  Vi  ■  0.4  V#.  Tba  compressibility  constants 
Ce  and  are  approximately  one  ana  are  assumed  to  be  equal.  Using  tba  Blake 
code,  tha  molecular  weights,  M,  are  calculated  to  be  32  g/g-mole  for  tba  empty 
chamber  and  32.2  g/mole-g  for  tha  inert  propellant  packad  chamber, 
respectively.  Than  &  «  0.2598  joule/gK  (48.25  ft-ib/lbR)  and  8^  -  0.2582 
joule/gK  (47.95  ft-lb/lbf).  After  aubatitution  into  Equation  (2),  we  obtain 

Te 

--  -  4.84  (3) 

*i 

The  gas  temperature  in  the  empty  chamber  can  be  calculated  from  tba  aquation 


T.  - -  (4) 

In  the  equation,  the  weight  of  the  igniter  gases  V  is  32.7  grams  (0.072  pound) 
which  is  tha  weight  of  tha  barite  strands  loaded,  assuming  that  there  is  no 
condensed  phase  in  the  systems.  It  is  further  assumed  that  tba  weight  and  the 
energy  released  from  the  M83  primer  baadstock  ia  negligibly  smell. 
Substituting  into  Equation  (4)  gives 

Te  -  1980  K  (3564  R) 


and  from  Equation  (3) ,  we  have 


Tj  -  409  K  (737  R) 
For  the  heat  loss  calculation,  we  use  the  equation 


.  MC.i(Ti  ~  V 

Qe  '^ve^e  "  Ta^ 


(5) 


where  Q^,  Qe  ■  heat  contents  in  the  empty  chamber  and  the  inert  propellant 

packed  chamber,  respectively. 

Cvi*  ^ve  constant  volume  specific  heat  for  the  two  systems,  assumed 
to  be  the  same. 

Tft  -  initial  temperature  (ambient  temperature),  294  K. 
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Substituting  tbs  vsiuts  of  Ij,  Tt,  sod  Tt  Into  Bqustioo  (3)  givts 

*L 

-  -  0.068 

Qs 

This  result  shows  thst  only  6.8  percent  of  host  reaainsd  in  tho  ignitor  gosos 
in  tho  inort  propollont  hod.  In  cthor  words,  approximately  93  poreont  of  tho 
hoot  released  from  tho  N83  priaer  had  transferred  to  tho  inort  groino  up  to 
tho  tiao  that  tho  ehaahor  prossuro  hoeaao  stabilised  (soy,  30  as  after 
application  of  tho  firing  voltage). 

Figures  i2  and  13  also  present  an  evidence  of  tho  strong  influence  of 
grain  size  on  tho  pressure  gradient  along  the  chaabor  length.  In  Figure  12 
the  pressure  curve  for  the  saall  grains  crosses  aver  that  for  the  large  graiua 
after  25  as.  It  is  probably  because  the  total  energy  released  was  different 
froa  one  priaer  to  another  or  because  a  larger  beat  flux  to  the  large  grains 
in  the  later  period  of  the  process. 

2.  Eimngttt-gtOftilgB 

Two  flash  X-rays  were  taken  for  each  round,  one  before  the  firing  and 
the  other  after.  An  overlay  of  the  two  filas  froa  the  flash  X-rays  will 


Figure  12,  Breech  Pressure  in  Eapty  and 

Inert  Propellant  Pecked  Chambers 
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3.0 


Figure  13.  Projectile  Pressures  in  Empty  and 
Inert  Propellant  Packed  Chambers 

enable  us  to  identify  the  movement  of  propellant  grains.  As  seen  on  the  X-ray 
films.  Figure  14  shows  the  locations  of  four  6ample  grains  as  well  as  the 
projectile  before  and  after  the  firing.  We  see  that  grains  were  displaced  in 
all  directions  toward  the  chamber  walls.  A  small  free  spac 3  (ullage)  which 
originally  appeared  in  the  upper  corner  of  the  breech  end,  created  during  the 
mounting  of  the  chamber  onto  its  fixture,  no  longer  existed.  The  grains 
behind  the  projectile  fin  and  around  the  cone-shaped  projectile  afterbody 
moved  together  with  the  projectile,  i.e.,  no  separation  were  observed  at  their 
interfaces.  There  was  a  few  millimeters  of  projectile  movement.  It  is 
unclear,  however,  whether  such  a  movement  resulted  from  the  gas  pressure  or 
from  the  force  exerted  by  the  solid  grains  or  both. 


Figure  14,  Inert  Propellant  Bed  Compaction  and  Motion 
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flame  Pulsation 

figure  15  is  a  schematic  of  the  appearance  of  the  flame  along  the  wall  of 
i  in-  chamber  packed  with  the  large  grains.  There  were  two  separate  periods  in 
tin-  event.  In  the  first  period,  the  first  light  spot  surfacing  from  the 
propellant  bed  near  the  midpoint  of  the  primer  section  of  the  chamber  was  seen 
at  4  ms  after  the  firing  voltage  had  been  applied.  Subsequently,  more  and 
more  light  spots  were  seen  until  5.2  ms.  The  light  then  started  to  diminish 
and  the  chamber  turned  completely  dark  by  12.5  ms.  After  a  while,  the  flame 
reappeared  -near  the  breech  end.  The  flame,  again  in  the  form  of  Bpots, 
quickiy  spread  toward  the  front  part  of  the  chamber.  The  luminous  area 
reached  its  maximum  at  30  ms,  spanning  from  the  breech  end  to  the  projectile 
fin.  The  second  period  of  the  event  was  sustained  for  more  than  70  ms.  The 
short  intermittent  flame  pulsation  can  be  correlated  with  the  transition 
occurring  in  the  breech  pressure. 
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Figure  15.  Flame  Observed  Along  an  Inert  Propellant 
Packed  Chamber  (Large  Grains) 
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In  the  rounds  packed  with  the  small  grains,  the  light  spots  were  rare  and 
very  dim.  This  provides  a  clear  indication  that  a  small  grain  propellant  bed 
offers  less  permeability  to  igniter  gases,  i.e.,  confining  the  igniter  gases 
to  a  smaller  region. 

4.  Flame  Intensity  in  the  Propellant  Bed 

For  the  purpose  of  determining  the  local  flame  intensity  (or  energy 
deposition  distribution)  in  the  propellant  bed,  a  number  of  cotton  cords  (3  mm 
in  diameter  and  25  mm  in  length)  were  embedded  in  prescribed  locations  inside 
the  propellant  bed,  as  depicted  in  Figure  16.  The  cords  received  various 
degrees  of  burning  during  firing  according  to  their  individual  locations. 
After  firing,  an  assembly  of  these  cords  on  a  plane  in  their  original  pattern 


Figure  16.  Flame  Intensity  Distribution 


displayed  a  clear  zoning  of  flame  intensity  in  the  propellant  bed.  The 
highest  flame  intensity  resulting  from  the  ignition  of  au  M83  standard  primer 
was  found  around  the  primer  in  the  section  between  76  mm  (3  inches)  and  229  mm 
(9  inches)  from  the  breech  end.  This  wsb  in  the  midsection  of  the  primer 
tube.  The  cords  located  near  the  chamber  wall  in  that  section  were  slightly 
burned.  In  the  breech  corners  and  in  the  region  beyond  381  mm  (15  inches), 
there  was  no  sign  of  burning  on  the  cords.  Such  a  flame  intensity 
distribution  zoning  shown  in  the  figure  presents  another  direct  indication  of 
the  fact  that  the  effectiveness  of  igniter  gases  was  confined  to  a  limited 
volume  around  the  primer. 

The  flame  intensity  determined  above  is  a  result  obtained  at  the  end  of 
the  ignition  process.  In  the  case  that  the  intensity  as  a  function  of  time  is 
needed  (for  instance,  for  the  input  of  interior  ballistics  computer  codes),  it 
will  require  other  instrumentation  such  as  thermocouples  and  light  intensity 
sensors. 
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D.  Rounds  With  Live  Charges 


The  live  chargee  tested  were  M30  and  four  different  lots  of  a  nitramine 
composite  propellant  formulation  (CAB/NC/RDX),  namely  lots  Al-103  (7P,  bimodal 
RDX),  A2-102  (7F,  unimodal  RDX) ,  A2-101  (19P,  unimodal  RDX),  and  1289 BL  (7P, 
bimodal  RDX),  where  P  denotes  perforations.  The  primers  u*ed  had  three 
distinct  body  configurations.  As  shown  in  Figure  4,  they  are  M83/ standard; 
M83/E-Tip  (adding  a  vented  tip  to  the  M83/standard  primer,  four  4.064  mm  holes 
in  the  tip);  and  M83/EEF  (13  rows  of  3  holes,  each  row  offset  6U°  from  the 
adjacent  row,  4  holes  in  the  tip,  3.175  mm  in  hole  diamecer).  For  comparing 
with  benite,  four  candidate  igniter  materials  for  the  nitramine  composite 
propellants  were  tested:  mixes  6828,  6779,  M9+5ZAL,  and  6856.  The  composition 
of  these  materials  is  given  in  Table  1.  The  new  materials  and  primer  body 
designs  were  provided  by  the  US  Army  Armament  Research,  Development,  and 
Engineering  Center  in  Mew  Jersey.  The  tests  were  performed  for  supporting 
the  development  of  new  ignition  systems  and  propelling  charges  for  the  M456A2 
HEAT  round. 


Table  1.  Composition  of  Candidate  Igniter  Materials 


MIX  NO. 

FORMULATION 

COMPOSITION  (weight  X) 

6779 

6828 

6856 

M9+5ZAL 

Benite 

NC/NG/KCLO4/C/EC 
NC/NG/XCLOZ/C/EC 
NC/KNO3/NG/C/8/EC 
NC/NG/AL/KNOo/EC 
NC/KNO3/ s/c/ec 

55/35/8/1/1 

26/17/  57/0/1 

35/36/15/8/5/1 

55/38/5/1.3/0.7 

39.8/ 44.08/6;27/9.35/0.5 

The  following  results  are  presented  according  to  the  type  of  propellant 
tested,  the  RDX  particle  sice  used,  the  number  of  perforations  in  each  grain, 
the  body  configuration  of  primer,  and  finally  the  igniter  material. 

1-  Propellants:  M30  vs.  Nitramine  Composites 


The  primers  used  for  all  of  these  tests  belonged  to  the  M83/ standard  body 
configuration  using  benite  as  igniter  material.  Figure  17  presents  the 
pressure  data  recorded  at  the  breech  and  the  projectile  for  five  different 
propellants.  In  the  figure*  t^  denotes  the  instant  at  which  the  breech 
pressure  started  rising,  t^  the  instant  at  which  the  breech  pressure  started 
rapidly  rising  (which  was  arbitrarily  set  at  2  MPa),  tc  the  instant  at  which 
the  pressure  reached  15  MPa  (which  was  also  arbitrarily  set),  and  t^  the 
instant  at  which  the  chamber  ruptured.  The  variability  in  ta,  ranging  from 
4.2  to  12.3  ms,  largely  attributed  to  the  variations  of  ignition  delay  in  the 
primers  used.  Table  2  summarizes  the  time  data  directly  measured  from  those 
pressure  curves.  For  convenience,  we  define  the  time  period  t^  (-  -  ta) 
as  the  ignition  delay  of  propellant,  t^g. 


Among  the  nitramine  composite  propellants  only  Lot  1289BL  was  comparable 
to  M30  in  short  ignition  delay  and  quick  pressure  rise  in  the  low  pressure 
region.  The  gun  firing  test  data  given  in  Table  3,  furnished  by  Deas  of  BEL, 
also  have  an  indication  that  Lot  1289BL  produced  a  higher  breech  pressure, 


P^r,  and  &  larger  muzzle  velocity,  V_„z, 
tests,  however,  the  resultB  given  in  Figu: 


than  Lot  Al-103.  From  closed  bomb 
igure  16  show  that  these  two  lots  (both 
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are  bimodal  nixes  with  the  sane  nominal  compositions)  have  no  signiticant 
difference  in  their  burning  rates  from  27.6  MPa  (4  kpsi)  down  to  13.8  MPa  (2 
kpsi).  At  further  lover  pressures  over  the  range  1-4  MPa  (0.15  -  0.6  kpsi), 
Miller  and  Holmes  (both  at  BRL)  uced  a  strand  burner  to  measure  the  burning 
rates  of  these  two  lots.  Their  results  are  listed  in  Table  4  which  also  show 
no  significant  differences  in  the  burning  rates.  An  explanation  of  the 
disparate  behavior  remains  to  be  found. 


Table  2.  Time  Data  Measured  From  Figure  17 
Propellants  Breech  Pressure  Proj.  Pressure  Proj.  Disp. 


(ms) 

fbc 

(ms) 

(ms) 

(ms) 

rr  1 
Ucr  1 

s 

tad 

(ms) 

(nm) 

M30 

2.6 

2.1 

4.8 

3.3 

3.7 

17.0 

Al-103  (7P) 

5.9 

3.2 

9.6 

6.8 

1.2 

8.1 

16.8 

A2-102  (7P) 

8.9 

3.4 

12.0 

8.1 

8.5 

13.0 

A2-101  (19P) 

7.0 

4.0 

11.5 

7.6 

1.6 

9.0 

21.9 

1289BL  (7P) 

2.4 

2.5 

5.5 

3.1 

0.6 

4.1 

93.7 

where  tab«tb-ta,  tbc«tc-t 
Primers  used:  Mff3/ standard 


% 


and  tad-td-ta 
enite 


Table  3.  Interior  Ballistic  Performance  of  LOVA  Propellants 
(Lots  12833L  and  Al-103)  From  Gun  Firing  Tests 


Lot 

Date 

Temp. 

(C) 

Charge 

(kg) 

Projectile 

(kg) 

(M&) 

hh 

1289BL 

6  Jun  84 

21 

5.216 

10.505 

574 

1199 

Al-103 

6  Feb  84 

20 

5.715 

10.120 

385 

1187 

Al-103 

6  Feb  84 

20 

5.715 

10.092 

350 

1166 

Table  4.  Burning  Rates  of  LOVA  Propellants  (Lots 
and  Al-103)  From  Strand  Burner  Measurements 

Lot  Pressure  Burn  Rates  Std.  Dev.  No 

(MPa)  (kpsi)  (cm/s)  (cm/s) 

1289BL 

.  of  Grains 

1239BL 

i 

0.15 

0.050 

+/-0.004  (8%) 

4 

tt 

2 

0.30 

0.082 

+/-0.005  (6%) 

4 

ti 

4 

0.60 

0.156 

+/-0.011  (7%) 

4 

Al-103 

1 

0.15 

0.050 

+/-0.003  (62) 

4 

•i 

2 

0.30 

0.081 

+/-0.005  (62) 

4 

•? 

4 

0.60 

0.152 

+/-0.004  (32) 

4 
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The  breech  pressure  started  to  rise  as  soon  as  the  igniter  gases  started 
venting.  For  Lots  A1  and  A2  nitramine  composite  propellants,  the  pressure 
then  stayed  almost  level  for  a  while  before  rising  again  as  shown  in  the  three 
seta  of  data  in  the  lower  part  of  Figure  17.  During  this  period  the  pressure 
recorded  is  of  the  same  magnitude  as  the  pressure  in  the  inert  propellent 
packed  chamber  shown  in  Figure  12.  Therefore,  the  early  pressuriaation  of  the 
chamber  before  the  second  rise  solely  resulted  from  the  ignition  of  the 
primer.  We  can  explain  that  during  this  period  the  live  propellant  close  to 
the  primer  was  being  heated  up  and  then  ignited.  The  combustion  products  from 
the  propellant  in  this  region  subsequently  ignited  the  rest  of  the  propellant 
in  the  chamber. 

The  long  ignition  delays  for  A1  and  A2  propellants  evidence  that  they  are 
difficult  to  ignite.  This  poor  ignitability  coupled  with  the  complex  fin 
assembly  of  the  HEAT  (or  KE)  round  intruding  into  the  gun  chamber  creates  a 
strong  need  to  optimise  the  ignition  system  in  order  to  achieve  effective 
ignition  of  the  nitramine  composite  propellants. 


IN/S 


MM/S 


Figure  18.  Burning  Rates  of  LOVA  Propellant  (Lots  1289BL 
and  Al-103)  from  Closed  Boob  Measurements 


Not*  that  tht  peak  value*  of  the  praaaura  curve*  shown  in  Vigura  17 
occurred  immediately  after  the  rupture  of  the  chamber.  They  any  very  froa 
round  to  round  in  accordance* with  the  material  strength  of  the  individual 
chamber  well  and  the  pressurization  ret*  in  the  chamber. 

2.  RSI  Particle.  Si*t*_P*ed:  Dniaodel  (A2-102)  v«.  Binod*  1  (11-103) 

Two  variations  of  the  nitramine  composite  formulation  were  studied.  The 
difference  in  these  materials  was  the  RSX  particle  siae  used.  The  unimodel 
had  all  5-micron  weight-mean  diameter  RDK  while  the  bimodal  had  5-micron  and 
15-micron  weight-mean  diameter  RDX  in  a  4:1  ratio.  The  unimodal  propellant 
exhibited  an  overall  lower  burning  rate  and  a  lower  pressure  exponent  than  the 
bimodal  formulation  in  closed  bomb  firings.  A  postfiring  examination  of 
samples  from  the  simulator  tests  showed  that  only  a  thin  film  on  the  grain 
surface  had  burned  off  at  the  time  that  the  chamber  ruptured.  It  is  thus  more 
appropriate  to  choose  propellants  in  close  grain  sixes  for  comparison  since 
the  grain  size  may  present  a  strong  effect  on  the  early  pressure  rise.  For 
this  reason,  we  chose  the  bimodal  propellant  Al-103  to  compare  with  the 
unimodal  propellant  A2-102.  Both  had  about  the  same  grain  siae  and  had  the 
same  number  of  perforations  in  each  grain.  The  data  in  Table  2  show 
explicitly  that  the  bimodal  propellant  Al-103  resulted  in  a  shorter  ignition 
delay  and  a  quicker  pressure  rise  at  low  pressure. 


3.  Primer  Body  Configurations:  M83/8tendard  vs.  M83/ E-Tin  and  M83/ Standard  vs. 

m/m 

These  three  versions  of  the  M83  primer  have  the  same  tube  dimensions,  but 
•iff erent.  numbers  of  vent  holes,  diameters,  and  arrays  of  the  holes,  see 
Figure  4.  In  the  following  we  first  compare  the  M83/ standard  with  the  M83/E- 
Tip  and  then  with  the  M83/EEF. 

M83/ Standard  vs.  H83/E-Tin 

The  M83/E—  Tip  primer  has  4  holes  directed  forward  at  45°  from  the  primer 
axis  in  the  vented  tip.  These  holes  were  designed  to  provide  flow  paths  for 
igniter  gases  to  quickly  reach  a  larger  region  of  the  chamber  so  that  more 
px  pellant  can  be  ignited  directly  by  igniter  gases.  This  will  reduce 
localization  of  pressure  near  the  breech  end.  As  expected,  the  pressure 
ference  between  the  breech  and  the  projectile  shown  in  Figures  19  and  20 
has  been  greatly  reduced.  However,  we  also  note  in  Figure  19  that  the  vented 
tip  has  resulted  in  a  longer  time  delay  t^„  from  the  initial  rise  to  the  rapid 
rise  of  the  chamber  pressure.  This  is  attributed  to  the  addition  of  the  vent 
holes  in  the  tip  which  has  increased  the  total  vent  area  and  thus  shortened 
the  duration  of  the  high- flow-rate  choked  flow. 

Figure  21  presents  a  comparison  of  the  flamespreading  observed  in  the 
high-speed  film.  The  times  listed  beside  the  pictures  are  the  times  after 
application  of  the  firing  voltage  and  the  times  in  the  parentheses  refer  to 
the  times  before  the  chamber  rupture  occurred.  The  frame  on  the  top  in  each 
column  shows  the  flame  first  seen  on  the  film  and  the  frams  at  the  bottom 
shows  the  rupturing  of  the  chamber.  An  elapse  of  4.6  ms  from  the  top  to  the 
bottom  frame  using  the  M83/E-Tip  primer  can  be  compared  with  2.5  ms  for  using 
the  M83/atandard  primer.  However,  the  flame  coverage  along  the  chamber 
length  was  larger  using  the  M83/E-Tip  primer  as  compared  in  Figure  22.  The 
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flamespreading  is  consistent  with  the  above  pressure  data  showing  that  the 
M83/B-Tip  privet  has  achieved  a  more  uniform  pressure  distribution  in  the 
chamber . 


* 


Figure  19.  Pressures  for  42-101  Propellant  Using 

M83  Primers  With  and  Without  a  Vented  Tip 
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Figure  20 .  Pressure  Difference  Between  Breech  end 
Projectile  for  A2~101  Propellent  Using 
M83  Primers  With  end  Without  s  Vented  Tip 


b.  M83/8tsndtrd  vs.  M83/EKF 


As  shown  in  Figure  4,  the  M83/EEF  primer  hes  43  3.17  5-ma  vent  holes 
compered  with  28  4. 06 4- op  vent  holes  in  the  M83  standard  primer.  Due  to  lack 
of  supply  of  A1  and  A2  propellents,  Lot  1289BL  wes  used  es  the  test  propellent 
for  evaluetion  of  these  two  types  of  primers.  Figure  23  presents  two  sets  of 
pressure-time  curves,  one  resulted  from  the  M83  standard  primer  and  the  other 
from  the  M83/EEF  primer.  The  figure  reveals  that  an  adoption  of  the  M83/ESF 
primer  has  achieved  a  significant  reduction  in  ignition  delay.  Table  5 
provides  a  numerical  comparison  of  their  ignition  delays  (tav  ■  1.88  ms 
compared  with  2.36  ms  and  t^)C  ■  1.71  ms  compared  with  2.49  ms).  A  short 
ignition  delay  is  desired  since  the  inconsistency  of  ballistic  performance  is 


Table  5.  Time  Data  Measured  From  Figures  23,  26,  and  28 


Primers  Breech  Pressure  Projectile  pressure  Proj 

-  -  - piip 


fab 

(ms) 

^|C 

(ms) 

Cbc 

(is) 

(w) 

(BE) 

<X> 

(X) 

tbc 

(ms) 

fad 

(ms) 

(mm) 

St/6828 

0.51 

1.25 

0.74 

1.67 

22.11 

0.89 

1.00 

0.11 

1.03 

30.56 

19.2 

St/Benite 

2.36 

4.85 

2.49 

5.50 

24.00 

3.06 

3.70 

0.64 

4.08 

22.43 

93.7 

EEF/Benite 

1.88 

3.59 

1.71 

3.59 

14.90 

1.88 

2.43 

0.55 

2.63 

20.26 

39.0 

EEF/6828 

0.35 

1.01 

0.66 

1.31 

23.50 

0.27 

0.32 

0.05 

0.44 

22.24 

16.0 

EEF/6779 

0.54 

1.55 

1.01 

2.07 

21.20 

0.70 

0.85 

0.05 

0.90 

20.00 

18.0 

EEF/M9+5XAL  0.66 

1.62 

1.08 

2.16 

22.75 

0.44 

0.58 

0.14 

0.67 

25.65 

26.0 

EEF/6856 

0.99 

2.32 

1.33 

2.51 

21.44 

1.22 

1.45 

0.23 

1.52 

17.69 

26.0 

where  ta^-t^-ta,  tap7tc_ta> 
Pyjy*  pressure  at  which  the  ch 


c“^c“tb»  tad“^d~ 
amber  ruptured. 


t«*  and 

Propellant:  Lot  1289BL. 
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often  associated  with  a  long  ignition  delay.  There  ia  also  a  slight 
in pro v enent  in  the  pressure  difference  between  the  breech  and  the  projectile 
end  as  compared  in  the  lover  part  of  Figure  23. 

A  very  large  projectile  displaceaent  (93.7  an,  aee  Table  3)  vas  measured 
in  the  round  fired  with  the  M83  standard  primer.  This  may  have  resulted  from 
a  longer  duration  of  pressure  acting  on  the  projectile  and  thus  being 
accelerated  for  a  long  period. 


M83/ STANDARD  M83/E-TIP 

BREECH  END-  rFWD  END 

15.8  ms  (2.5) 


FLAME 
16.5'ms  (1.8) 

16.9  ms  (1.4) 

17.4  ms  (0.9) 

17.9  ms  (0.4) 

18.1  ms  (0.2) 

18.3  ms  (0.0) 


J- 


[ 


[ 


18.3  ms  (4. S) 


20.5  ms  (2.3) 


21.0  ms  (1.8) 


‘-a  * 


3 


21.9  ms  (0.9) 


22.3  ms  (0.5) 


22.6  ms  (0.2) 


22.8  ms  (0.0) 


NOTE:  THE  TIMES  INDICATED  REFER  TO  THE  TIMES  AFTER  APPLICATION  OF 
FIRING  VOLTAGE  AND  THE  VALUES  IN  <  )  REFER  TO  THE  TIMES 
BEFORE  CHAMBER  RUPTURE 


Figure  21.  Comparison  of  Flamespreading  in  Chambers 
With  A2-101  Using  M83  Primers  With  and 
Without  a  Vented  Tip 
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CHAFBER  LENGTH  FROM  BREECH  END  <mm> 


Figure  22.  Flame  Front  Travel  in  Chambers  With  A2-101  Propellant 
Uaing  H83  Primers  With  and  Without  a  Vented  Tip 
(Baaed  on  the  Photographic  Pata  in  Figure  22) 


PRESSURE  DIFFERENCE  BETWEEN 

BREECH  AND  PROJECTILE  (MPa)  PRESSURE  (MPa) 


TIME  (ns) 


PROPELLANT:  1289BL 
IGNITER  MATERIAL:  BENITE 

_ :  BREECH  PRESSURE 

- :  PROJECTILE  PRESSURE 


-4 


Figure  23.  Pressures  in  Chambers  Using 

M83/ Standard  and  M83/EEF  Primers 


Figure  24  providaa  a  comparison  of  flaaaapraading  for  tho  rounds  firod 
using  tha  two  typaa  of  primers.  Tha  tracaa  of  thair  flaaa  froata  along  tha 
ehaabar  length  aa  a  function  of  tiaa  ahortly  bafora  tha  ruptura  of  tha  chamber 
ara  plottad  in  Figure  25.  Tha  avaraga  flaaa  apaod  can  ba  datarainad  by 
axaaining  tha  tiaa  naadad  for  tha  flaaa  front  to  travel  a  given  distance,  aay 
tha  laat  100  aa  to  tha  forward  end  of  tha  ehaabar.  Tha  figura  indieataa  that 
tha  flaaa  naadad  0.75  aa  for  tha  M83/KXF  priaar  coaparad  with  1  aa  for  tha 


12.3  ms  (1.3) 


11.2  ms  (0.5) 


13.3  ms  (0.3)  U%5  m  (o.2) 


13.5  ms  (0.0)  11.7  ms  (0.0) 


NOTE:  THE  TIMES  INDICATED  REFER  TO  THE  TIMES  AFTER  APPLICATION  OF 
FIRING  VOLTAGE  AND  THE  VALUES  IN  (  )  REFER  TO  THE  TIMES 
BEFORE  CHAMBER  RUPTURE 


Figure  24.  Flamespreading  in  Chambers  Using 
M83/ Standard  and  M83/EEF  Primers 


Figure  25.  Flame  Front  Travel  in  Chambers  Using 

M83/ Standard/ Beni te,  M83/ Standard/6828, 
and  M83/EEF/Benite  Primers  (Based  on  the 
Photographic  Data  in  Figure  24) 

standard  configuration  to  travel  that  distance.  Thi6  indicates  that  the  EEF 
configuration  has  significantly  improved  the  flamespreading  along  the  chamber, 
which  i6  in  consistent  vith  the  short  ignition  delay  discussed  above.  The 
maximum  flame  speed  along  the  chamber  length  near  the  chamber  end  was  in 
excess  of  130  m/6. 

4.  Igniter  Materials: 

Several  new  igniter  materials  were  investigated.  These  materials,  with 
respect  to  benite,  produced  hotter  particles,  higher  flame  temperature,  higher 
oxidizer  content  or  more  gaseous  products.  Lot  1289BL  was  designated  as  the 
test  propellant  for  all  of  the  investigations.  Results  obtained  are  presented 
in  two  groups  in  accordance  with  the  type  of  primer  used. 

a.  M83/ Standard  Primer;  Benite  vs.  Mix  6828 

Figure  26  presents  the  pressure-time  data  for  the  rounds  fired  with 
benite  and  mix  6828.  The  ignition  delay  of  the  round  with  oxygen-rich  mix 
6828  was  substantially  shorter  than  that  with  benite.  However,  the  figure 
shows  an  adverse  pressure  gradient  near  the  projectile  tail  (i.e.,  the 
projectile  pressure  overshot  the  breech  pressure)  when  mix  6828  was  used.  It 
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PROPELLANT:  1289BL 
PRIMER:  M83 /STANDARD 

- :  BREECH  PRESSURE 

- :  PROJECTILE  BASE  PRES8URE 


Figure  26.  Pressures  in  Chambers  Using  Primers 
With  Benite  and  Mix  6828 


seems  to  be  caused  by  vigorous  ignition  of  propellant  around  the  primer,  which 
then  generated  a  strong  pressure  wave,  followed  by  flamespreading,  traveling 
to  the  projectile  end.  Coupled  with  a  gradual  contraction  of  the  flow  path 
toward  the  forward  end  of  the  chamber  and  the  wave  reflection  at  the  end,  the 
pressure  wave  was  then  intensified  and  projectile  base  pressure  became  higher 
than  the  breech  pressure.  Another  possibility  is  grain  fracture  occurring  at 
the  projectile  base  caused  by  a  high  pressurization  rate  in  the  primer 
section.  This  would  increase  grain  burning  surfaces  and  thus  the  pressure. 


The  flamespreading  in  the  rounds  using  benite  and  mix  6828  is  presented 
in  Figure  27.  In  fact,  the  high-speed  film  clearly  shows  that  the  flame  was 
more  intense  and  its  traveling  speed  along  the  chamber  length  was  faster  in 
the  round  using  the  oxygen-rich  mix  6828.  A  comparison  of  their  flame  speeds 
is  given  in  Figure  25.  Again  let  us  examine  the  time  needed  for  the  flame  to 
travel  the  last  100  mm  to  the  forward  end  of  the  chamber.  The  figure  shows 
that  it  needed  0.33  ms  for  the  round  with  mix  6828  compared  with  1  ms  with 
benite.  The  fast  flamespreading  correlates  well  with  the  short  ignition  delay 
indicated  in  the  pressure  data  in  Figure  26. 


b.  M83/EEF  Primer:  Benite  vs.  Mixes  6828.  6779.  M9+5ZAL.  and  6856 


Figure  28  displays  a  series  of  pressure  data  resulting  from  the  various 
igniter  materials.  Lot  1289BL  propellant  and  primers  in  the  EEF  configuration 
were  used  for  the  tests.  All  of  these  new  materials  exhibited  a  great 
reduction  in  ignition  delay  with  respect  to  benite.  Based  on  the  measured 
data  listed  in  Table  5,  the  following  order  can  be  established  in  accordance 


I 


IGNITER  MATERIAL:  BENITE  IGNITER  MATERIAL:  MIX  6828 


12.3  ms  (1.3)  6.3  ms  (0.7) 


J  cz 

13.3  ms  (0.3)  6.7  ms  (0.2) 


7.0  ms  (0.0) 

NOTE:  THE  TIMES  INDICATED  REFER  TO  THE  TIMES  AFTER  APPLICATION  OF 
FIRING  VOLTAGE  AND  THE  VALUES  IN  <  >  REFER  TO  THE  TIMES 
BEFORE  CHAMBER  RUPTURE 


13.5  ms  (0.0) 


Figure  27.  Comparison  of  Flamespreading  in  Chambers 

Using  M83/ Standard/Benite  and  M83/ Standard/ 
6828  Primers 
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TIME  (ms) 

Figure  28.  Pressures  in  Chambers  Resulting 
From  Various  Igniter  Materials 

with  the  quickness  with  which  the  propellant  was  ignited  in  terms  of  fast 
pressure  rise:  mix  6828  >  (mix  6779  and  mix  M9+5ZAL)  >  mix  6856  >  benite. 
The  pressure  profiles  for  mix  6779  and  mix  M9+5ZAL  were  very  similar. 

The  figure  also  shows  that  all  of  the  new  igniter  materials  resulted  in 
an  undesirable  adverse  pressure  gradient  near  the  forward  end  of  the  chamber. 
Clearly,  further  efforts  are  needed  to  formulate  better  materials  which  can 
reduce  the  ignition  delay  and  also  can  improve  the  uniformity  of  the  chamber 
pressure  without  causing  an  adverse  pressure  gradient. 

5.  Projectile  Displacement 

Figure  29  presents  a  typical  projectile  displacement  which  was  recorded 
in  the  round  fired  with  M30  propellant,  corresponding  to  the  pressure  curves 
given  in  the  upper  left  corner  of  Figure  17.  The  projectile  started  to  move 
at  5.8  ms  at  which  time  the  breech  pressure  had  just  reached  1.5  MPa  and  the 
pressure  gage  in  the  forward  end  had  not  responded  yet.  The  projecctile 
continued  to  move  for  some  distance  after  the  rupture  of  the  chamber  due  to 
the  initial  force. 
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Figure  29.  Typical  Projectile  Displacement 


As  ve  examine  the  data  listed  in  Table  5,  there  exists  a.  correlation 
between  the  projectile  displacement  and  the  time  value  t  d  (-  td  -  ta,  see 
Figure  17  for  the  notations).  As  shown  in  Figure  30  the  projectile 
displacement  and  thus  the  chamber  volume  increased  with  the  increasing  ta<j. 
This  means  that  a  slower  pressure  rise  (i.e,  a  longer  ignition  delay)  resulted 
in  a  larger  projectile  displacement  before  the  chamber  ruptured  at  which  the 
breech  pressure  was  around  20  MPa.  The  larger  projectile  displacement  may 
have  resulted  from  a  longer  duration  of  acceleration  for  the  projectile. 

E.  Correlations  of  Results  from  Tests  With  the  Empty  Chamber.  Inert 
Propellant  Packed  Chambers,  and  Live  Charges 

The  transition  in  the  pressure  and  flame  spreading  recorded  in  the  empty 
and  inert  propellant  packed  chambers  led  to  the  awareness  of  a  flow  change 
through  the  primer  holes,  from  choked  to  unchoked  flow.  The  duration  of  the 
choked  flow,  during  which  the  igniter  gases  vented  at  the  highest  rate,  is 
believed  to  have  a  very  significant  effect  on  the  ignition  of  propellant. 
This  can  be  understood  from  a  comparison  between  Figures  11  and  12.  The 
comparison  indicates  that  the  ignition  of  live  propellant  started  around  or 
shortly  after  the  transition.  Thus,  the  output  of  a  primer  during  the  choked 
flow  is  very  important,  A  long  period  of  choked  flow  should  provide  more 
effective  ignition  of  propellant.  With  the  same  kind  of  igniter  material, 
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charge  veight,  and  charge  geometry,  the  duration  of  the  choked  flow  la 
controlled  by  the  total  vent  area  of  the  primer;  the  smaller  the  total  vent 
area,  the  longer  the  duration. 


Figure  30.  Projectile  Displacement  and  Chamber  Volume  Increase 


Results  obtained  from  the  testB  with  inert  propellant  show  that  there  was 
a  large  pressure  gradient  in  the  propellant  bed,  especially  in  the  case  of 
small  grains,  see  Figure  10,  and  the  flamespreading  vas  confined  to  a  small 
region  around  the  primer,  see  Figures  15  and  16.  This  suggests  that  in  a  live 
propellant  bed  only  a  limited  volume  of  propellant  close  to  the  primer  vas 
directly  ignited  by  the  igniter  gases;  the  combustion  products  of  propellant 
in  this  region  then  ignited  the  rest  of  propellant.  Thus,  the  number  as  veil 
as  the  array  of  the  vent  holes  becomes  important  to  ignition.  Coupled  with 


the  discussion  in  the  preceding  paragraph,  igniter  body  designs  with  more 
small  holes  but  smaller  total  vent  area  and  with  a  vented  tip  would  allow  the 
igniter  gase*  to  reach  more  propellant  grains  initially  and  would  certainly 
achieve  more  effective  ignition.  However',  there  is  a  limit  in  the  reduction 
of  the  total  vent  area  without  suffering  too  preat  a  reduction  in  the  gaseous 
mass  flow  rate  to  the  propellant  bed.  Two  new  body  designs  with  these 
considerations,  namely  the  HH3/E-Tip  and  the  M83/EEF,  have  been  tested  and 
evidence  Of  improved  uniformity  in  the  chamber  pressure  and  flame  spreading 
can  be  seen  in  Figures  20  through  26. 

IV.  SUMMARY  AND  CONCLUSIONS 

This  study  htb  provided  insights  into  the  early  phase  ignition  phenomena 
occurring  in  the  105-mm  tank  gun  chamber.  '  The  phenomena  are  found  to  be  a 
strong  function  of  many  variables.  These  include  the  primer  body  design, 
composition  of  ighiter  material,  formulation  of  propellant,  and  configuration 
of  propelling  charged  Bdsed  on  the  pressure,'  photographic,  and  radiographic 
data  obtained,  the  following  important  conclusions  are  presented.  They  can 
serve  as  guidance  for  the  development  of  the  advanced  charges  as  well  as  for 
the  improvement  of  the  modeling  of  the  interior  ballistics  for  the  tank  gun 
system. 

The  test  with  ignition  of  an  M83  primer  in  the  empty  simulator  chamber 
shows  that  there  was  a  significant  amount  of  particles  carried  in  the  jet 
streams  from  the  vent  holes.  These  fuel  particles  sustained  burning  in 
stagnation  regions  for  more  than  10  me.  The  chamber  pressure  exhibited 
apparent  fluctuations  a*  a  result  of  the  wave  reflections  at  the  two  ends  of 
the  chamber. 

There  was  a  transition  in  the  pressure  rise  in  the  inert  propellant 
packed  chamber  in  which  an  M83  primer  was  ignited.  The  transition  is  believed 
to  be  associated  with  the  flow  change  from  choked  to  unchoked  flow  through 
the  vent  holes  of  the  primer.  During  the  choked  flow  period  the  igniter  gases 
vent  at  their  maximum  rate  and  thus  a  long  duration  of  choked  flow  should 
help  achieve  effective  ignition  of  nitramine  composite  propellants. 

The  result  of  the  flame  intensity  measurement  in  the  inert  propellant  bed 
indicates  that  the  effectiveness  of  igniter  gases  was  confined  to  regions 
close  to  the  primer. 

Propellant  bed  compaction  could  occur  as  early  as  the  breech  pressure 
reached  1.4  MPa.  No  separation  was  observed  at  the  interface  between  the 
propellant  bed  and  the  cone-shaped  projectile  afterbody. 

A  comparison  of  the  pressure  data  recorded  in  the  empty  chamber  and  the 
inert  packed  propellant  chamber  indicates  that  there  was  significant  heat 
transfer  from  igniter  gases  to  propellant  grains  following  the  venting 
process.  The  heat  transfer  could  exceed  90  percent  of  the  total  heat  released 
from  the  primer  when  the  chamber  pressure  reached  stabilization,  say  50  ms 
after  application  of  the  firing  voltage. 

The  data  from  the  firings  of  live  charges  suggest  that  a  primer  with  more 
holes  in  a  small  diameter  and  with  a  vented  tip  can  achieve  more  effective 


boles  in  a  small  diameter  and  with  a  vented  tip  can  achieve  more  effective 
ignition  of  nitramine  composite  propellants.  However,  there  is  a  limit  in  the 
reduction  of  the  total  vent  area  without  suffering  too  great  a  reduction  in 
the  gaseous  mass  flow  rate  to  the  propellant  bed. 

A  correlation  of  the  pressure  data  obtained  in  the  simulator  tests  (empty 
chamber,  inert  charges,  and  live  charges)  shows  that  only  a  limited  amount  of 
the  primer  efflux  actually  went  toward  propellant  ignition  in  the  rounds  fired 
at  ambient  temperature. 

The  nitramine  composite  propellants  tested,  with  the  exception  of  Lot 
1289BL,  experienced  a  longer  ignition  delay  and  exhibited  a  slower  initial 
pressure  rise  than  M30  propellant. 

The  traveling  speed  of  the  flame  front  in  a  live  charge  could  well  exceed 
100  m/s  as  it  approached  the  forward  end  of  the  simulator  chamber. 

All  of  the  oxygen-rich  igniter  materials  tested  resulted  in  much  quicker 
ignition  of  the  nitramine  composite  propellant  than  benite  did.  However, 
these  materials  induced  an  undesirable  early  occurrence  of  an  adverse  pressure 
gradient  near  the  forward  end  of  the  simulator  chamber<  < 
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